The authors recently reported that a severe inflammatory response resulting in substantial loss of acinar cells was induced by a single injection of interleukin-1␣ into the lacrimal gland and that this effect was reversible. The purpose of the present study was to determine the mechanisms involved in lacrimal gland injury and repair. METHODS. Inflammation was induced by direct injection of recombinant human interleukin-1␣ (IL-1␣, 1 g in 2 L) into the exorbital lacrimal glands of anesthetized female BALB/c mice. Animals were killed 1, 2, 3, 4, 5, 6, or 7 days after injection. Exorbital lacrimal glands were then removed and processed for measurement of protein secretion, histology, immunohistochemistry, and Western blotting. RESULTS. The results show that lacrimal gland acinar cells are lost through programmed cell death (apoptosis) and autophagy. They also show that the number of nestin (a stem cell marker)-positive cells increased 2 to 3 days after injury and that some of these cells were also positive for Ki67 (a cell proliferation marker) and ␣-smooth muscle actin (a marker of myoepithelial cells). Finally, they show that the amount of phosphorylated Smad1/5/8 (effector molecules of bone morphogenetic protein 7 [BMP7]) increased 2 to 3 days after injury and could also be detected in nestin-positive cells. CONCLUSIONS. The lacrimal gland contains stem/progenitor cells capable of tissue repair after injury. Programmed cell death after injury triggers proliferation and differentiation of these cells, presumably through activation of the BMP7 pathway. (Invest Ophthalmol Vis Sci. 2008;49:4399 -4406)
T he nonkeratinized epithelia of the ocular surface are constantly exposed to and challenged by environmental insults such as smoke, dust, and airborne pathogens. Tears are the sole physical protective barrier for the ocular surface. 1, 2 They form a complex thin film that fulfills several functions, from forming a smooth refractive surface over the corneal surface and lubricating the eyelids to maintaining an optimal extracellular environment for the epithelial cells of the cornea and conjunctiva. 1, 2 The tear film consists of three interacting layers. The innermost layer coating the cornea and conjunctiva is a mucous layer. 3 The large middle layer is an aqueous layer. 4 Finally, the outer layer is a lipid layer that floats on the aqueous layer to retard its evaporation. 5 Production of tears in inadequate quantity or of inadequate quality results in constant irritation of the ocular surface, leading to dry eye syndrome. There are two major subtypes of dry eye syndrome: evaporative dry eye, caused by perturbations of the lipid layer of the tear film, and aqueous-deficient dry eye, also known as keratoconjunctivitis sicca (KCS), caused by inadequate production of the aqueous layer of the tear film. 6 The mechanisms leading to insufficient lacrimal gland secretion are still poorly understood. It is believed that chronic inflammation of the lacrimal gland is a major contributor to insufficient secretion. Chronic inflammation of the lacrimal gland occurs in several pathologic instances (for a review, see Zoukhri 7 ), such as autoimmune diseases (Sjögren syndrome, sarcoidosis, diabetes) or after organ transplantation (chronic graft versus host disease), or simply as a result of aging. The hallmarks of lacrimal gland inflammation are the presence of focal lymphocytic infiltrates, increased production of proinflammatory cytokines, and destruction of the tear-producing parenchymal cells. 7 There is a large body of literature on the regenerative capacity of the salivary glands. 8 -10 Long-term (7-21 days) ligation of the main excretory ducts of salivary glands leads to atrophy of these glands and has been used as an experimental model of human diseases of the salivary glands. 8 -10 Salivary glands with ligated ducts show signs of inflammation, edema, and death of the acinar cells. 8 -10 When the duct ligation is released, the salivary glands go through a process of repair through the proliferation of acinar, ductal, or myoepithelial cells and the synthesis and deposition of extracellular matrix. 8, 9 Similarly, studies on the pancreas 11, 12 and mammary glands 13 reported self-regenerating capabilities of these tissues. Salivary glands go through a phase of inflammation/destruction of parenchymal cells followed by a period of proliferation/ tissue repair.
Remodeling of tissue after injury or trauma often recapitulates the same cellular events that govern embryonic tissue development. Apoptosis, a form of programmed cell death, is crucial during embryonic development and is equally important in adult organs to maintain normal cellular homeostasis. 14 Under physiological conditions, the occurrence of apoptosis in tissues is typically a rare event, but apoptotic cells become readily identifiable under pathophysiological conditions such as inflammation. 14 The role of apoptosis in tissue atrophy/ repair is well documented. 14 Another form of cell death has also been implicated in tissue repair. Autophagic cell death (also called type 2 cell death; apoptosis is type 1 and necrosis is type 3) is characterized by the appearance of double-or multiple-membrane delimited cytoplasmic vesicles (autophagic vesicles or vacuoles) engulfing bulk cytoplasm or cytoplasmic organelles such as mitochondria and endoplasmic reticulum. 15, 16 Autophagic vesicles are then destroyed by the cellular lysosomal system. 15, 16 Apoptosis and autophagic cell death are not mutually exclusive phenomena; they may occur simultaneously in tissues or even conjointly in the same cell. 15, 16 The presence of stem cells in adult tissues is a very active area of research because of the potential clinical benefits. Several studies on the salivary glands and the pancreas have shown that stem/progenitor cells are present in these tissues and are involved in their regeneration. 9, 17, 18 In previous studies, we developed an animal model of acute, experimentally induced inflammation to study the role of IL-1 in impairing lacrimal gland function. We reported that a single injection of IL-1 into the lacrimal gland inhibited neurally induced and agonist-induced protein secretion measured 1 day after injection. 19 We also reported that IL-1 (IL-1␤ or IL-1␣) injection induced a severe inflammatory response in the lacrimal gland that led to the destruction of the acinar cells and resulted in reduced aqueous tear production. 7, 20 Furthermore, we showed that the effects of IL-1 on lacrimal gland functions were transient. By the seventh (BALB/c mice) or the thirteenth (C57BL/6 mice) day after IL-1 injection, inflammation resolved and the lacrimal gland recovered. 20 The purpose of the present study was to determine the cellular mechanisms involved in lacrimal gland injury and repair in this model of acute, experimentally induced inflammation.
MATERIALS AND METHODS

Antibodies
The following primary antibodies were used for Western blotting or immunofluorescence studies: rabbit polyclonal antibody against phos- 
Animals and Treatment
Female BALB/c mice (10 -12 weeks old) were purchased from Taconic (Germantown, NY). Animals were maintained in rooms with constant temperature and fixed 12-hour light/12-hour dark intervals and were fed ad libitum. All experiments were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Tufts-New England Medical Center Animal Care and Use Committee.
Animals were anesthetized, and the exorbital lacrimal glands were left untreated (control) or were injected, in a total volume of 2 L, with either saline (vehicle) or recombinant human IL-1␣ (1 g, a generous gift from Craig W. Reynolds, Biological Resources Branch, National Cancer Institute Preclinical Repository, Rockville, MD).
TUNEL Staining and Immunofluorescence
Lacrimal gland pieces were fixed overnight at 4°C in 4% formaldehyde made in phosphate-buffered saline (PBS) containing 145 mM NaCl, 7.3 mM Na 2 HPO 4 , and 2.7 NaH 2 PO 4 at pH 7.2. Paraffin sections of the lacrimal gland (6 m) were deparaffinized and rehydrated using graded alcohols. Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) staining was performed using the fluorescein in situ apoptosis detection kit (ApopTag; Chemicon, Temecula, CA) according to the manufacturer's recommendations. For immuno- fluorescence experiments, the slides were first subjected to microwave pretreatment (20 minutes) with antigen-retrieval solution (Dako). After three washes in PBS, nonspecific binding sites were blocked for 30 minutes using 10% rabbit serum diluted in PBS. Slides were incubated overnight at 4°C with the indicated primary antibody diluted in PBS. After three washes in PBS, slides were incubated for 60 minutes at room temperature with the appropriate secondary antibody diluted 1:100 in PBS. After three washes in PBS, coverslips were mounted with mounting medium (Vectashield; Vector Laboratories, Burlingame, CA). Sections were viewed using a microscope equipped for epi-illumination (UFXII; Nikon, Tokyo, Japan). Omission of the primary antibody or incubation with irrelevant immunoglobulins was performed for negative control experiments.
Western Blotting
Lacrimal glands were homogenized in 0.4 mL ice-cold homogenization buffer (30 mM Tris-HCl [pH 7.5], 10 mM EGTA, 5 mM EDTA, 1 mM dithiothreitol, and 250 mM sucrose, supplemented with protease inhibitors). After centrifugation, proteins in the supernatants were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; NuPage 4%-12% Bis-Tris Gels; Invitrogen, Carlsbad, CA) followed by transfer onto polyvinylidene difluoride membranes (Invitrogen). The membranes were blocked for 60 minutes at room temperature or overnight at 4°C in blocking buffer (Odyssey; Li-Cor Biosciences, Lincoln, NE) diluted 1:1 in Tris-buffered saline (TBS; 10 mM Tris-HCl [pH 8.0], 150 mM NaCl). The primary antibody was prepared in blocking buffer (Odyssey; Li-Cor Biosciences) diluted 1:1 in TBST (TBS plus 0.05% Tween 20) and incubated for 1 hour at room temperature or overnight at 4°C. After three washes in TBST, the appropriate secondary antibody (diluted 1:5000) was prepared in blocking buffer (Odyssey; Li-Cor Biosciences) and was diluted 1:1 in TBST, and the membranes were incubated for 30 minutes at room temperature. After three washes in TBST, the membranes were scanned with an imaging system (Odyssey Infrared Imaging; Li-Cor Biosciences). Blotting for the structural protein ␤-actin was performed to control for gel loading and transfer efficiency. Immunoreactive bands acquired from the membranes were quantified with the Odyssey software or with the National Institutes of Health ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html).
Transmission Electron Microscopy
Saline-and IL-1-treated lacrimal glands, removed 3 days after the injections, were fixed overnight in half-strength Karnovsky fixative (2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M cacodylate buffer [pH 7.4]). Tissue was postfixed in 1% buffered osmium tetroxide, dehydrated in a series of graded ethanol solutions, and embedded in Epon 812 resin. Sections were prepared, double stained with lead and uranyl acetate, and examined on an electron microscope (410; Philips, Eindhoven, The Netherlands).
Data Presentation and Statistical Analysis
Data are expressed as mean Ϯ SEM and were statistically analyzed using Student's t-test for paired or unpaired values. P Ͻ 0.05 was considered significant.
RESULTS
Several studies on salivary and mammary glands and the pancreas showed that, during the inflammatory process, the epithelial acinar cells are lost through apoptosis. 8, 13, 21 Therefore, we hypothesized that the lacrimal gland acinar cells are eliminated by apoptosis after experimentally induced inflammation. As depicted in Figure 1A , apoptotic figures were scarce in saline-injected lacrimal glands. In contrast, the number of cells showing positive TUNEL staining started to increase the first day after injection of IL-1. By the third day, a large number of cells stained positive. TUNEL staining started to decline on the fourth day after injection of IL-1; by the seventh day, the number of apoptotic cells was similar to that seen in salineinjected lacrimal glands (Fig. 1A) .
To substantiate the data obtained with the TUNEL staining, lacrimal gland homogenates were processed for SDS-PAGE followed by Western blotting for PARP-1. PARP-1, a protein involved in DNA repair and DNA stability, is a well-studied cellular substrate of activated caspase 3, and its proteolytic cleavage (from 113 kDa-to 89 kDa-and 24-kDa fragments) has been used as an indicator of caspase 3 activation. 22 As shown in Figure 1B , compared with samples from control (C) and saline (S), the amount of the 113 kDa PARP-1 protein decreased 2 to 5 days after the injection of IL-1, suggesting the activation 
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of caspase 3-dependent programmed cell death. The amount of PARP-1 protein returned to control levels by the seventh day after injection (Fig. 1B) . With this antibody, we could not detect the 89-kDa or 24-kDa degradation products of PARP-1. Lacrimal glands were injected with saline or IL-1, removed 3 days later, fixed, and processed for transmission electron microscopy. The purpose of these experiments was to determine whether, besides apoptosis, other types of cell death, such as necrosis and autophagy, were involved in lacrimal gland repair. As shown in Figure 2A , lacrimal gland acinar cells from saline-injected animals had a normal appearance, basally located nuclei, and a cytoplasm filled with secretory granules. In contrast, acinar cells from IL-1-injected lacrimal glands lost their polarity (Figs. 2B-D) ; their cytoplasm was often devoid of secretory granules and instead contained vacuoles (Figs. 2B,  2C) . Some of the vacuoles contained fragmented cellular structures and were double-membrane delimited, a structural characteristic of autophagic vacuoles (Fig. 2B, inset) . The electrondense structures (i.e., proteinaceous material) in Figures 2C  and 2D might have represented different stages from autophagosomes to lysosomes.
To confirm the involvement of autophagy and the lysosomal compartment in lacrimal gland repair, we used antibodies against LAMP-1 and microtubule-associated protein-1 light chain 3 (MAP LC3, a homolog of Apg8p in yeast associated with autophagosome membranes) and performed Western blotting and immunofluorescence studies. As shown in Figure  3A , the amount of LAMP-1 protein increased significantly, relative to control and saline, starting at 2 days in IL-1-injected glands and gradually returned to control level by day 7. Immunofluorescence experiments showed increased punctate staining for LAMP-1 and the autophagosome marker MAP LC3 in IL-1-injected lacrimal glands (Fig. 3B ) and both proteins were often present in the same cells (Fig. 3B, inset) .
Involvement of stem/progenitor cells in tissue repair and regeneration is widely documented. Nestin, an intermediate filament protein, is a well-studied and accepted marker for stem/progenitor cells. 23 Experiments were conducted to determine whether stem/progenitor cells were present in the murine lacrimal gland and, if so, whether they were involved in repair after experimentally induced inflammation. Lacrimal glands removed from control and IL-1-treated animals were processed for immunofluorescence and Western blotting experiments with an antibody against nestin.
As shown in Figure 4A , nestin-positive cells could be detected in lacrimal glands removed from saline (vehicle)-injected or control noninjected (not shown) animals. It should be noted that these cells were scarce in tissues from both groups. Their spindlelike shape was reminiscent of that of myoepithelial cells. After experimentally induced inflammation, the number of nestin-positive cells increased, especially between days 2 and 3 after injection of IL-1 (Fig. 4A) . Not only did the number of nestin-positive cells increase, their shape was altered (there were more nestin-positive, round cells, especially in the 2-day sections; Fig. 4A ). After the fourth day following IL-1 injection, the number of nestin-positive cells diminished, and their shape resembled that seen in control glands (Fig. 4A) . Brain sections were used as a positive control for nestin staining (Fig. 4B) . Omission of the primary antibody resulted in a loss of specific immunoreactivity (Fig. 4B) .
Western blot data presented in Figure 4C lend further support to the presence of stem/progenitor cells in murine lacrimal glands. Homogenates prepared from lacrimal glands 2 and 3 days after injection showed increased nestin protein immunoreactivity. In these samples, a second, faster migrating protein was also detected (Fig. 4C ). This band, though less abundant, was also present in samples from 1-and 4-day injected animals and in brain homogenate (used as a positive control). The function of nestin has recently been shown to be regulated through phosphorylation by cell division cycle 2 (cdc2) kinase and cyclin-dependent kinase 5 (cdk5). 24, 25 It is possible that the fast-migrating band detected in our samples is a less phosphorylated form of nestin. The amount of nestin protein declined slowly, starting 4 days after injection, and returned to control level by the seventh day (Fig. 4C) .
The shape of the cells staining positive for nestin is reminiscent of that of lacrimal gland myoepithelial cells. We tested this possibility in double-labeling experiments using an antibody against ␣-smooth muscle actin, a marker of lacrimal gland myoepithelial cells. As shown in Figure 5 , several, but not all, nestin-positive cells are also positive for ␣-smooth muscle actin immunoreactivity.
The increase in the number of nestin-positive cells during repair of the lacrimal gland suggested that these cells might be proliferating. To test this hypothesis, we conducted doubleimmunofluorescence studies using a rat monoclonal antibody against Ki67, a proliferation-associated protein tightly bound by chromatin in all cells as they progress from the S to the G 2 phase of the cell cycle. 26 As shown in Figure 6 , several nestinpositive cells were also positive for Ki67 staining, suggesting that these cells were proliferating.
Bone morphogenetic protein 7 (BMP7), a member of the transforming growth factor ␤ (TGF␤) family, is known to play a major role in tissue development and remodeling. BMP7-null mice have smaller lacrimal glands and reduced branching. 27 Inhibition of BMP activity has similar effects on lacrimal gland explant cultures. 28 Activated BMP receptors, similar to TGF␤ receptors, transmit their signals through activation (phosphorylation) of Smad proteins. 29 Of the eight Smad proteins identified in mammals, only Smad1, Smad5, and Smad8 are activated by BMP7. 29 As shown in Figure 7A , phosphorylated Smad1/5/8 could be detected in control untreated lacrimal glands, suggesting basal activation of the BMP7 pathway. After injection of IL-1, the amount of phosphorylated Smad1/5/8 increased starting at 2 and 3 days after injection (Fig. 7A) , when we showed that the lacrimal gland underwent repair. 20 There- 
after, the amount of phosphorylated Smad1/5/8 declined (Fig.  7A) . We have also conducted immunofluorescence studies and found that immunoreactivity against phosphorylated Smad1/ 5/8 was restricted to the nucleus, as expected, and tended to be more intense in sections from 2-and 3-day injected lacrimal glands ( Fig. 7B) . Furthermore, double-immunofluorescence studies showed that phosphorylated Smad1/5/8 could be detected on some nestin-positive cells (Fig. 7C) , suggesting activation of the BMP7 pathway in lacrimal gland stem/progenitor cells during the repair phase.
DISCUSSION
Remodeling of tissues after injury or trauma often recapitulates the same cellular events that govern embryonic tissue development. Apoptosis is crucial during embryonic development and is equally important in adult organs to maintain normal cellular homeostasis. 14 The role of apoptosis in tissue atrophy/ repair is well documented. In fact, it has been demonstrated that apoptosis of the pancreatic acinar cells is necessary for the induction of cell proliferation in the regenerating tissues. 11 The biochemical hallmark of apoptosis is degradation of DNA by endogenous DNase, which cuts the internucleosomal regions into double-stranded DNA fragments of 180 to 200 base pairs.
14 These fragments are detectable as a ladder pattern in the electrophoresis of isolated DNA. However, they are most commonly detected, in situ, with the TUNEL assay. 30 Other biochemical hallmarks of apoptosis involve the activation of several caspases.
14 With the use of TUNEL staining, we showed that lacrimal gland acinar cells actively undergo apoptosis. This conclusion is further supported by the increase in proteolytic cleavage of PARP-1, a caspase 3 substrate, after injury to the lacrimal gland.
Autophagy is an evolutionarily conserved and dynamic process in which cytoplasmic components are sequestered and delivered to the lysosome for degradation and recycling. 15, 16 Deregulated autophagy has been implicated in several pathologic conditions in humans, including cancer and neurodegenerative disease. 15, 16 Autophagy starts with the formation of a double-membrane delimited autophagic vacuole (also called autophagosome), which engulfs bulk cytoplasm and cytoplasmic organelles such as mitochondria and endoplasmic reticulum. 16 In mammalian cells, autophagosomes undergo a maturation process by fusing with endocytic compartments and lysosomes. Electron microscopy remains the criterion standard for assessing autophagy by identifying the presence of autophagosomes. 31 Immunohistochemical analyses of MAP LC3 and the lysosomal marker LAMP-1 have also been successfully used to assess autophagy. 31 During the formation of the autophagosome, LC3 is lapidated, and this LC3-phospholipid conjugate (LC3-II) is localized on autophagosome membranes. 31 In the present study, we used electron microscopy and immunohistochemistry to demonstrate the involvement of autophagy in lacrimal gland repair after experimentally induced inflammation.
Apoptosis and autophagic cell death are not mutually exclusive phenomena. They may occur simultaneously in tissues and even conjointly in the same cell. 15, 16, 31 Depending on the cellular context and stimulus, autophagy may be indispensable for apoptosis by preceding and further stimulating apoptosis. 16, 31 During apoptosis, the stimulation of autophagy can be a protective mechanism or a process that contributes to cell death. Autophagy can be protective because of the recycling of long-lived cytosolic macromolecules to support cellular anabolic needs and viability under starvation conditions. In addition, by removing damaged or surplus organelles, including compromised mitochondria, autophagy can protect cells from unscheduled apoptosis. Our data show that both forms of programmed cell death are activated during repair of the lacrimal gland. It is unclear whether both processes operate in the same cell and whether autophagy has a protective role in the lacrimal gland. Future studies investigating the effect of inhibiting each process separately would help answer these questions.
The presence of stem cells in adult tissues is an active area of research because of the potential clinical benefits. In the field of tissue repair, there are two schools of thought: one that advocates repair through expansion of stem/progenitor cells and another that advocates the transdifferentiation of existing cells. 32, 33 Several studies on the salivary glands and the pancreas have shown that stem/progenitor cells are present and involved in the regeneration of these tissues. 9, 17, 18 However, a FIGURE 6. Nestin-positive cells are proliferating. Lacrimal glands from IL-1-injected animals (3 day) were processed for double-immunofluorescence studies using the anti-nestin antibody (green) and an antibody against Ki67, a marker for proliferating cells. Nuclei were counterstained with DAPI (blue). Some cells (arrowheads and inset) were positive for nestin and Ki67, indicating that these cells have entered the cell cycle. Scale bar, 50 m. 34 showed that during regeneration of the pancreas, new ␤ cells could be generated by replication of existing ␤ cells, arguing against the involvement of stem/progenitor cells. Conversely, several investigators have isolated and expanded stem cells from the salivary glands and the pancreas. 9, 18 These cells are usually associated with the ductal/periductal fraction of these tissues. 9, 35 Of note, in studies on salivary stem/progenitor cells, it was reported that the number of these cells increased dramatically after tissue injury. 10 We present evidence showing the presence of stem/progenitor cells in murine lacrimal glands and show that their number increased after experimentally induced inflammation. We also show that some of these cells express ␣-smooth muscle actin, a marker of myoepithelial cells, and that they are capable of proliferation during repair of the lacrimal gland. The fact that not all nestin-positive cells stained positively for ␣-smooth muscle actin suggests a common source of stem cells shared by myoepithelial and acinar cells in the lacrimal gland. In the future, we plan to isolate and propagate in vitro lacrimal gland stem/progenitor cells and to investigate whether these cells, once transplanted, can accelerate lacrimal gland repair.
Development of the lacrimal gland occurs through a process known as branching morphogenesis. 36 This process of morphogenesis is achieved through epithelial-mesenchymal interactions that include a highly coordinated spatiotemporal release of several growth factors and the subsequent activation of critical transcription factors. 36 Several growth and transcription factors are shown to be crucial for branching morphogenesis of the lacrimal gland, and BMP7, in particular, is shown to play a pivotal role in murine lacrimal gland development. 28, 37, 38 Members of the BMP family bind to two distinct type 2 and type 1 serine/threonine kinase receptors, both of which are required for signal transduction. On receptor activation, BMPs transmit signals through Smad-dependent and Smad-independent pathways. 29 In the developing lacrimal gland, BMP7 is expressed in the epithelial and the mesenchymal components. 28 Exogenous addition of BMP7 to mesenchymal cells in culture induces the formation of cell contacts through increased expression of connexin 43 and cadherins and leads to the upregulation of ␣-smooth muscle actin, which forms wellorganized stress fibers. 28 Of relevance to tissue repair, BMP7 has been shown to ameliorate the course of injury through a variety of mechanisms, including the inhibition of apoptosis, the prevention of infarction and cell necrosis, and the downregulation of intracellular adhesion molecule expression. 39 In the present study, we showed that the BMP7 pathway is activated in the lacrimal gland and is upregulated during the repair phase. The fact that this pathway is activated in stem/progenitor cells suggests that BMP7 might dictate the fate of these cells. Future studies investigating the effect of exogenous addition of BMP7 or inhibition of BPM7 signaling on lacrimal gland repair would test this hypothesis. In summary, our data show that during lacrimal gland repair, acinar cells are lost through apoptosis and autophagy. This is followed by an increase in the number of stem/progenitor cells, the stimulation of proliferation, and the upregulation of the BMP7 pathway. Future studies investigating the therapeutic potential of stem/progenitor cells in lacrimal gland abnormalities are warranted.
